The α and β subunits comprising the hexameric assembly of F1-ATPase share a high degree of structural identity, though low primary identity. Each subunit binds nucleotide in similar pockets, yet only β subunits are catalytically active. Why? We re-examine their internal symmetry axes and observe interesting differences. Dividing each chain into an N-terminal head region, a C-terminal foot region, and a central torso, we observe (1) that while the foot and head regions in all chains obtain high and similar mobility, the torsos obtain different mobility profiles, with the β subunits exhibiting a higher motility compared to the α subunits, a trend supported by the the soft intra-monomer oscillations pertain to distortions that do not create intermonomer steric clashes in the assembly, suggesting that structural optimization of the assembly evolved at all levels of complexity.
catalytic site, in other words, ADP and P i spontaneously interconvert to ATP without external energy and have an equilibrium constant close to 1. According to the binding change mechanism, each β subunit sequentially binds ADP and P i , then undergoes a conformational transition and makes ATP, and finally changes conformation again with release of product.
The three subunits function in concert, with each subunit cycling through the same states consecutively, so that the system"hangs" if one subunit is prevented from transitioning, by for example, removal of product from solvent medium. Experiments suggest that the rotary, cyclic behavior of the hexamer persists during hydrolysis in the absence of the γ chain, though with lower precision and rate constants [11] [12] [13] .
Our current analyses will focus on the elements comprising this minimal functional unit, the α and β chains. In particular, we examine the question: why do β subunits readily hydrolyze ATP and exchange the HOH generated with medium water, while the α subunits neither hydrolyze nor exchange ATP with solvent nucleotides? Xu and coworkers 1 point 3 out that while the nucleotide-binding sites in α and β subunits are closely conserved, one carboxylate, of residue β-Glu 188 is replaced by α-Gln 208, eliminating a likely catalytic base in the α subunits. Furthermore, Xu points out that the α subunit's "inability to transition between different catalytic conformations ... as evidenced by the absence of open conformation" in crystalline structures, severely dampens their catalytic activity. In this work we closely examine the extent and reason for the "inablity" of α subunits to cycle through the conformations adopted by the β subunits. Superficially, one might expect two proteins with such similar fold and architecture to exhibit similar flexibility characteristics.
In particular, then, the internal symmetry axes of these different protein chains should be nearly identical. Are they? We compute and examine each proteins' slowest eigenmodes via PDB-NMA. We observe interesting similarities and differences that may help further explain the different catalytic propensities of these two subunits.
B. Overview of PDB-NMA
Just as rigid structures obtain 3 rotational principal symmetry axes determined by diagonalization of their inertia matrix, nonrigid objects obtain internal symmetry axes derived from diagonalization of their Hessian matrix 14 . An object has as many internal symmetry axes or eigenvectors as it has internal degrees of freedom, with each eigenvector a specific linear combinatiton of those internal degrees of freedom. The Hessian matrix of an object describes the distribution, not of masses, but of forces about a position of stability as its internal degrees of freedom are varied. Rigid principal axes pertain to spatial symmetries where the mass distributions about each of 3 special, orthogonal axes are balanced and the angular velocity and momentum vectors aligned. Nonrigid, internal axes pertain to temporal symmetries: each axis pertains to a balanced, internal oscillation of the object with one particular frequency and energy. These axes are orthogonal and hence also known as normal modes: excitation of one mode cannot excite another mode, though in practice anharmonicities introduce off-diagonal elements that decohere motion. As the normal modes describe oscillations innate or intrinsic to the system, the modes are often referred to as eigenmodes and they form a complete, orthonormal coordinate system.
The set of frequencies obtained by diagonalization of the object's Hessian, called the eigenspectrum, has a characteristic distribution for proteins, different from other solids [15] [16] [17] .
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The highest frequencies arise from rapid vibrations of the stiffest elements while the slowest frequency is a function of the mass and shape of the molecule, and is roughly 0.1 THz for a 50kDa protein (spectroscopists attempt to probe such motions by delivering photons with identical frequencies and often report this in terms of the corresponding photon wavenumber of 3 cm −1 .)
In addition to the eigenfrequencies, the diagonalization of the Hessian matrix provides the set of vectors or eigenmodes that describe the shape of the motion associated with each eigenfrequency. As folded, globular proteins obtain high packing densities and heat capacities comparible to solid crystalline objects 18 , it is interesting to ascertain how correlated motions extending over the entire molecule are enabled. Snapshots of single conformations cannot convey this information and one cannot anticipate how a particular molecule "solves" the problem of enabling large-scale motions where thousands (internal) degrees of freedom cooperatively deform tens of thousands of nonbonded interactions to achieve correlated motions across the entire molecule or "full body motion," FBM.
The innate dof s associated with equilibrium oscillations describe motilities of interest: energy imparted to an object at rest will be dissipated by these internal degrees of freedom.
Unlike spectroscopists who deliver very precise energy pulses that may match particular molecular frequencies 19 , thermal baths activate folded protein's many modes equally. No particular dof dissipates the thermal energy, instead the heat energy is distributed amongst all the internal symmetry axes. The high frequency modes dissipate the kT thermal units in high frequency, low amplitude oscillations while the slowest modes dissipate kT energy units in low frequency, larger amplitude oscillations. There is a longstanding assumption that nature exploits the long-correlation length "slow" motions intrinsic in folded proteins to achieve functionality 20 .
C. Range of validity
Normal modes provide another "quality" or signature of an object much as do mass or charge distributions, heat capacity, reflectivity, shape, etc, independent of the basis vectors chosen to describe that object's internal degrees of freedom 21 . For this reason, the modes computed using all-atom Cartesian degrees of freedom or heavy-atom dihedral degrees of freedom or reduced coordinates such as a single point per residue, match for sufficiently slow 5 frequency modes.
All-atom analyses on PDB entries using detailed force fields such as Gromos or Charmm are accurate but handicapped by the fact that PDB entries are not at equilibrium according to these parameterizations 22 . Therefore, prior to diagonalization of the Hessian, an initial structure-distorting energy minimization must be performed. Minimization of objects with thousands of degrees of freedom and tens or hundreds of thousands of energy terms is not an exact, analytic process, and no single, unique minimized structure exists, even under a particular force field. Furthermore, the tens of thousands of nonbonded terms have exquisitely sensitive dependencies on their distances of separation that result in the rapid accumulation of round-off errors for the floating point representations of the energy per conformation. In practice this means that a minimal energy conformation can not be discerned using double precision computations for proteins larger than around 150 residues. 
D. Homunculus
To characterize nonlocal FBM, it will be helpful to adopt and extend a descriptive vocabulary. extending from residues β Asp 103 -Ile 137 and α Asp 116 -Ile 150 drapes along the outer surface of the torso from the head region to the foot region where it connects to a firmly embedded short α helix, the "fist," at residues β 138-143 and α 151-155. A "shoulder" region extending from the neck to the arm is situated superior to the torso at the ventral surface. The superior, ventral region of the foot domain contributes either a highly mobile "lid" (β Pro 417 -Pro 433) or a shorter "strut" (α Gln 430 -Glu 440) that serve to either enhance or dampen oscillatory motions at the nucleotide-binding cleft.
II. RESULTS

A. PDB coordinates
We use the α and β chains from coordinate file 2JDI 34 . For this structure, mitochondrial The α chains extend from residues 24-510 and the β chains from 9-474 (we maintain the PDB numbering convention that labels the N terminal βAla residue as 1, not -4 with chains B and E, the missing 8 residues were built-in by rigid body alignment of the missing region from a neighboring subunit.
In all, the computed modes describe the same motions, both among chains A, B and C as well as among chains D, E and F. For example, Figure 3 shows the RMSF per C α due to the combined effects of modes 1, 2 and 3 for chains D, E and F, the three β subunits.
The computed motility profiles for these 3 chains superpose almost perfectly, with chain E presenting with slightly different RMSF amplitudes in the region that includes helix C (residues β190 -215) as well as a loop on the anterior side of the torso's β sheet (residues β317-321). These plots closely match the equivalent RMSF per C α plot for the unliganded β subunit, Figure 10a , of Cui and coworkers 32 , with the mismatch in relative amplitudes due to our use of 180K for the activation temperature and our use of a small subset of all modes.
While the similarity of the slow modes amongst the α chains is not surprising due to the close structural similarity between these chains, the match of the slow modes amongst the different β chains is reassuring. The E chain adopts a conformation distinct from chains D and F, and the similarity of the three β chain mobility profiles provides a strong indication of the intrinsic character of these innate dof s. One might therefore expect eigenmodes to contribute to the interconversion of these different conformations.
As discussed in the Introduction, the current analyses pertain primarily to the computed 
C. The first three modes
The slowest three modes of SUA and SUB obtain similar profiles for the FBMs involving relative displacements of the head, torso and foot regions. While computed using dihedral angles, the slowest three modes are also perpendicular in Cartesian space, with oscillations of mode 1 about an axis aligned along a radial direction; of mode 2 about a radial arc and for mode 3 about a direction parallel to the central, γ axis. by the solid brown curve, while chain E obtains significantly higher B-factors for the Cterminal residues after the torso's final β strand, as well as an additional spike for those residues connecting the fist to the P-loop, as indicated by the dashed curve. Superposed on these curves in black are the computed B-factors due to the slowest 50 modes of chain F.
The theoretical values reproduce some of the experimental features, obtaining similar head and foot motility profiles yet notably missing several peaks in the torso region. For example, the experimental peak at residues 238-242, a loop on the anterior surface of the torso's β sheet, is not predicted. As discussed, the computed motility profiles for chains D, E and F are almost indistinguishable, hence the source of the E chain's variable B signature is likely due to effects other than intra-minimum, equilibrium vibrations.
While experimental temperature factors include many effects other than the intramonomer vibrations considered here, such as harmonic inter-monomer and crystalline forming the torso's eighth, antiparallel β strand (in SUB the pattern of inter-strand hydrogen bonding precludes its designation as a β strand); the N terminal end of the long α helix after the arginine finger; the C terminal end of the foot's third α helix and the N terminal end of its fourth α helix whose connecting loop constitutes the mobile lid or the strut; as well as with the C terminal end of the torso's helix B. The fist, in other words, while still near the N terminal end of the polypeptide chain (residues 138-143), also coordinates the motion of foot residues, including the critical lid or strut, as well as torso residues. Specifically, as indicated in Figure 6C and D, these regions, like the fist residues, obtain very small motilities, indicating the critical importance of the fist in coordinating the motions while maintaining the structural integrity of the chain's fold.
This design leads to similar motility profiles, with the softest motilities associated with a side-wise rolling, a flexing towards the central axis, and a twisting about the central axis of the head and foot domains. While the inter-domain motions of the head, foot and torso appear largely similar between SUA and SUB, important differences exist between the motility profiles of the region posterior to the torso's β sheet: the nucleotide binding region. In SUB the nucleotide binding cleft exhibits pronounced opening and closing motions, motilities absent in SUA, and points to an unsurprising difference between enzymes and structural proteins. Enzymes require entry and exit of reactants and products in a manner that predicates reaction rates, whereas structural proteins have no need of such intra-domain motilities. What design features allow one chain to be an active enzyme, the other not?
B. Source of Variable Torso Stiffness
In SUA the residues forming the foot domain move in lockstep with the fist residues and also with all the residues comprising the posterior surface of the torso's β sheet. In SUB the residues forming the foot and fist move together with only helix B of the posterior surface: helix C moves en masse with the shoulder and residues of the anterior surface. The distributed nature of the "control" of mobility characteristics minimizes likelihood of disruption but also permits higher precision. For example, the absence of the strut element in SUB permits motility within the nucleotide binding cleft, but this additional degree of freedom is not disorderly or haphazard: many nonlocalized, distributed elements conspire to control the expression of this degree of freedom.
C. Intra-monomer oscillations within assembly
Eigenmodes were computed for isolated α and β chains without regard to the additional inter-monomer NBIs in the assembly, hence steric clashes were expected when these intramonomer modes were activated within the assembly. Unexpectedly, steric inter-monomer clashes are avoided in the assembly when the isolated-monomer modes were activated simultaneously. The interfaces maintain their interdigitation during activation of each (intramonomer) mode, with the projections of one subunit maintaining closely similar dispositions with the concavities of its neighbor. This effect seems to be caused by the relative immobility of those residues involved with inter-monomer interactions.
In particular, a ring of connectivity that extends around the assembly at the level of the of the torso region is not much improved, indicating that shifts within this region are also less well modeled by harmonic, intra-minimum oscillations exclusively. PDB 2JDI chain E lacks residues 388-395 within the DELSEED region.
